Background-Abnormal carotid artery compliance and increased intima-media thickness (IMT), markers of early atherosclerosis, are prevalent in adults with chronic kidney failure. However, little is known about the extent of these abnormalities in children after transplantation. Methods and Results-Thirty-one children (age, 14.5Ϯ4.1 years) with renal transplant (estimated glomerular filtration rate, 78.1Ϯ24.5 mL/min per 1.73 m 2 ; range, 44 to 128 mL/min per 1.73 m 2 ) and 33 age-and sex-matched control subjects had ultrasound of the carotid artery, echocardiography, and ambulatory blood pressure monitoring (transplant patients only). IMT was measured, and distensibility and stiffness parameter (␤) were calculated to assess carotid artery structure and function. The results were correlated with demographic, clinical, and biochemical variables. Compared with control subjects, children with transplant had higher IMT (Pϭ0.03) and ␤ (PϽ0.0001) and lower distensibility (PϽ0.001). In multiple regression analysis, increased IMT in children who had received transplants was associated with higher mean office systolic blood pressure taken within 1 year before the study (R 2 ϭ0.19, Pϭ0.024) and receipt of Ͼ1 transplant (R 2 ϭ0.16, Pϭ0.02). Worse distensibility and ␤ were significantly associated with higher daytime systolic blood pressure load calculated from ambulatory blood pressure and receipt of cadaveric kidney. When number of antihypertensives was added to the models, only higher number of blood pressure medications independently predicted abnormal distensibility (R 2 ϭ0.38, Pϭ0.002) and ␤ (R 2 ϭ0.25, Pϭ0.016). Conclusions-Carotid arteriopathy is present in children with successful renal transplant and is associated with hypertension. The results suggest that these children might be at risk for accelerated atherosclerosis and premature cardiovascular disease. (Circulation. 2004;110:97-101.) 
and young adults after renal transplantation, accounting for up to 40% of all deaths. 1, 2 It has been suggested that the reason for cardiovascular disease is accelerated atherosclerosis and coronary artery disease. Recent studies in adults who developed end-stage renal disease (ESRD) during childhood found a high prevalence of asymptomatic atherosclerosis as demonstrated by abnormal intima-media thickness (IMT) and arterial wall compliance. 3, 4 However, from those studies, it is not possible to determine when arterial abnormalities develop.
Pediatric pathology studies have determined that the atherogenic process might well begin in childhood and that atherosclerotic lesions are associated with hyperlipidemia and hypertension. 5 These risk factors are strongly present in pediatric renal transplant recipients, suggesting that the development of progressive atherosclerosis might have already begun. To test this hypothesis, we designed a study to assess carotid artery structure and arterial wall compliance in children and adolescents after transplantation.
Methods

Patient Characteristics
Inclusion criteria were as follows: 6 to 21 years of age, absence of primary myocardial disease, functioning graft for Ն1 year with estimated glomerular filtration rate (eGFR) Ͼ40 mL/min per 1.73 m 2 . Of the 65 patients in the transplant clinic, 6 were Ͻ6 years of age, 5 had low eGFR, 1 had cardiac anomaly, and 13 had follow-up Ͻ1 year. From 40 eligible subjects, 33 agreed to participate in the study. Two subjects were excluded because of poor ultrasound images. Control subjects were recruited from the families of personnel at Children's Hospital and siblings of transplant recipients. Thirty-one children with transplant and 33 age-and sex-matched control subjects were included in the final analysis. The Institutional Review Board of the Children's Hospital Medical Center in Cincinnati (Ohio) approved the study; informed consent was obtained from each subject.
Demographic and clinical information was collected on the day of echocardiography. All patients received triple immunosuppression including steroids (all), calcineurin inhibitors (cyclosporine, nϭ9; prograf, nϭ22), and azathioprine (nϭ5) or mycophenolate mofetil (nϭ26). Each patient had serum creatinine, calcium, phosphorus, intact parathyroid hormone, hematocrit, fasting lipid profile, homo-cysteine, and high-sensitivity C-reactive protein (hsCRP) determined. Hyperlipidemia was defined on the basis of the KDOQI guidelines. 6 Hyperhomocysteinemia was defined as serum homocysteine level Ͼ15 mol/L; hsCRP Ͼ0.2 mg/dL (increased cardiac risk in adults) was considered elevated. Systolic (SBP) and diastolic (DBP) blood pressures were measured at the time of echocardiography by auscultation with a mercury or aneroid sphygmomanometer with the patient in the sitting position and an appropriately sized cuff. The mean values for SBP (1-year SBP) and DBP (1-year DBP) were calculated for BP taken during the 1 year preceding the study. These BPs were recorded by 2 trained nurses using standard protocol during the routine clinic visits. There was an average of 11Ϯ5 measurements. To control for the differences in age and body size, BP was indexed. Measured BP value was divided by age-, sex-, and height-specific 95th BP percentiles. Hypertension was defined as indexed SBP or DBP Ն1.0.
Ambulatory blood pressure monitoring (ABPM) was performed in transplant recipients with the 90217 model from SpaceLab Medical, Inc. Measurements were taken every 20 minutes. Sleep hours were determined by patient self-report. Mean SBP and DBP were determined for daytime, sleep, and the full 24 hours; indexed BP was calculated. Dipping was defined as a 10% drop in mean BP between daytime and sleep, and nondipping was defined as a decline of Ͻ10%. Hypertension was defined as 24-hour, daytime, and nighttime mean SBP and DBP above the 95th percentile. 7 BP load was defined as percentage of BP readings that exceed the 95th percentile.
Cardiac structure and function, including left ventricular (LV) mass index, relative wall thickness, and LV contractility calculation, were determined as described elsewhere. 8 Carotid artery ultrasound was performed with a GE Vivid 7 Horton Norway, M12L, 5.0-to 11.0-MHz probe. Measurements were obtained with subjects in the supine position by 2 experienced sonographers blinded to the subjects' clinical status. An ultrasound imager distal to the carotid artery bifurcation on a segment of Ն1-cm length of the posterior wall was used for the study. Measurements were performed for Ն3 consecutive heartbeats. IMT and the internal diameter of the right common carotid artery were then calculated. The intraobserver variability was 1.1% for IMT and 0.7% for arterial wall diameter measurements. Distensibility (DC) was calculated with this formula 9 : DCϭ2(⌬D/D)/(SBPϪDBP), where D is carotid artery diastolic diameter and ⌬D is change in artery diameter during systole. The stiffness parameter (␤) was calculated from this formula 10 : ␤ϭ[ln(SBP/DBP)]/(⌬D/D).
Statistical Analysis
Values are presented as meanϮSD. A 2-sample t test or the Mann-Whitney rank-sum test was used to compare continuous variables, and the 2 test was used to compare categorical variables. Associations between variables were assessed by Spearman analysis.
Stepwise regression analysis was performed to assess independent predictors of abnormal IMT or arterial compliance. Variables with values of PϽ0.15 from correlation analyses were entered into the regression analysis. The SAS 8.0 statistical package was used in the analysis. A value of PՅ0.05 was considered statistically significant.
Results
Patient Characteristics
Seventeen children (55%) received transplants as a result of ESRD caused by dysplasia/obstructive uropathy and 14 (45%) with glomerular or cystic disease. The median time after transplantation was 3.7 years (range, 1 to 14.3 years). Most of the patients (81%) had their first transplant and were treated by chronic dialysis (68%) before transplantation. The median cumulative duration on dialysis was 1.2 years (range, 0 to 10 years); the median cumulative duration of ESRD (dialysis plus duration of chronic kidney failure, defined as eGFR Ͻ15 mL/min per 1.73 m 2 ) was 1.3 years (range, 0.25 to 10.3 years); and the median duration of renal replacement therapy (dialysis plus transplant) was 5.2 years (range, 1.3 to 14.9 years). Sixteen patients (52%) had an allograft from live donors. Five children had prior treated acute rejection. The average eGFR at the time of the study was 78.1Ϯ24.5 mL/min per 1.73 m 2 (range, 44 to 128 mL/min per 1.73 m 2 ). Ten children (32%) had elevated total cholesterol; 7 (23%) had elevated LDL cholesterol; and 19 (62%) had hypertriglyceridemia. Only 2 children had calcium-phosphorus product Ͼ45 mg 2 /dL 2 . Hyperhomocysteinemia was found in 7 children (23%), and hsCRP Ͼ0.2 mg/dL was found in 5 (16%). There was no significant difference in age or body size between allograft recipients and control subjects ( Table 1) .
BP Evaluation
Children with transplant had higher casual BP recorded on the day of the study than control subjects. Thirteen transplant recipients (42%) had systolic and 5 (16%) had diastolic hypertension. BP obtained during the year before the study (1-year indexed SBP, 0.96Ϯ0.09; 1-year indexed DBP, 0.84Ϯ0.12) was similar to casual BP recorded on the day of the study (PϭNS). Twenty-three children (74%) were taking antihypertensives: 12 were taking 1 medication, 8 were taking 2 medications, and 3 were taking 3 medications. Nineteen patients were taking calcium channel blockers. Other medications included ␤-blockers (nϭ2), diuretics (nϭ3), and ACE inhibitors (nϭ7). ABPM demonstrated a high prevalence of daytime and nighttime hypertension, abnormally high BP load, and nondipping status in the transplant recipients ( Table 2 ).
Carotid Artery Evaluation
Children with transplant had higher IMT (0.42Ϯ0.07 versus 0.38Ϯ0.06 mm; Pϭ0.03) and stiffness parameter (6.98Ϯ3.26 versus 5.30Ϯ2.71; PϽ0.0001) and significantly lower distensibility (37.4Ϯ16.6 versus 53.4Ϯ17.3 kPa Ϫ1 ϫ10 Ϫ3 ; PϽ0.001) compared with control subjects.
In the control subjects, there were no significant independent predictors for carotid IMT. Distensibility could be predicted from pulse pressure (␤ϭϪ1.21ϫ10 Ϫ5 ; R 2 ϭ0.61; PϽ0.0001) and weight (␤ϭϪ3.21ϫ10 Ϫ5 ; R 2 ϭ0.15; PϽ0.004); stiffness parameter could be predicted from weight (␤ϭ0.097; R 2 ϭ0.23; PϽ0.0001) and DBP (␤ϭϪ0.15; R 2 ϭ0.20; Pϭ0.01).
In children with transplants, IMT was correlated with 1-year SBP (rϭ0.38, Pϭ0.05), LV contractility (rϭ0.41, Pϭ0.03), relative wall thickness (rϭ0.38, Pϭ0.05), and number of transplants (rϭ0.44, Pϭ0.03). Children with multiple transplants were on dialysis longer (median, 3.8 versus 0.7 years; PϽ0.001) and had longer cumulative duration of ESRD (median, 5.2 versus 1.5 years; PϽ0.001) than children with a single transplantation. There was no significant difference between these subgroups in regard to BP control, current immunosuppression therapy, and graft function. Distensibility and stiffness were significantly correlated with daytime BP from ABPM and with the number of BP medications (Table 3 ). There was also a significant interaction between arterial wall compliance and donor type (for distensibility: rϭ0.45, Pϭ0.02; for ␤: rϭ0.44, Pϭ0.02). One-way ANOVA was performed to compare the control group and children with living and cadaveric donors. As shown in Table 4 , children with cadaveric donors had lower distensibility and higher stiffness than control subjects or children with living donors. IMT was higher in children with a cadaveric donor than in control subjects but was similar to that in children with living donors. There was no significant difference in carotid IMT, distensibility, or stiffness between control subjects and children with living donors.
In transplant patients, no significant associations for IMT, distensibility, and ␤ were found with age, weight, height, body mass index, LV mass index, cause of kidney failure, time after transplantation, duration of dialysis treatment or ESRD, current immunosuppression therapy, or any laboratory parameters.
Results of the stepwise multiple regression analysis are presented in Table 5 . Increased IMT was associated with higher 1-year SBP and receiving Ͼ1 transplant. Worse distensibility and stiffness were associated with higher daytime SBP load and receiving a cadaveric kidney. When number of antihypertensives was added to the same regression models, no significant change in the association with IMT was noted, whereas only higher number of BP medications was independently associated with lower distensibility (␤ϭϪ2.5ϫ10 Ϫ3 ; R 2 ϭ0.38; Pϭ0.002) and increased stiffness (␤ϭ2.3; R 2 ϭ0.25; Pϭ0.016). There was no remaining influence of donor type and daytime SBP load.
Discussion
The important observation of this study is that children and adolescents with stable renal transplant have impaired carotid artery structure and function as evidenced by increased IMT, abnormally low distensibility, and elevated stiffness. These findings are significant because abnormalities of the carotid artery have been accepted as markers of the early, asymptomatic phase of the atherosclerotic process.
Carotid arteriopathy has been reported in pediatric patients with diabetes and essential hypertension 11, 12 and in adults after transplantation. 4, 5, [13] [14] [15] Clinical studies have shown that increased IMT and stiffness of the large arteries independently predict cardiovascular morbidity and mortality in adults with ESRD. 16, 17 Recently, these abnormalities have been demonstrated in young adults who developed ESRD during childhood. For example, Oh et al 3 found an increase in carotid IMT (mean age, 27 years), whereas Groothoff et al 4 found increased stiffness and decreased distensibility (mean age, 29 years). In our study, similar abnormalities were found to be present in patients of much younger age (mean age, 14.5 years; range, 6 to 20 years) and good allograft function (mean eGFR, 78Ϯ24.5 mL/min per 1.73 m 2 ). These findings are worrisome and indicate that even children and adolescents with successful transplantation might be at increased risk for cardiovascular morbidity.
In the present study, we found that carotid artery changes were significantly related to BP. IMT was significantly associated with SBP recorded over 1-year period before the study, and distensibility and stiffness were associated with BP taken at the day of the study. These data demonstrate that chronic elevation of BP might reflect structural changes (increased IMT), whereas current BP status might reflect functional changes (decreased distensibility and increased stiffness) in the carotid artery.
As in other pediatric studies, 18, 19 we found a high prevalence of abnormal BP detected by ABPM. The important observation in this study is that daytime SBP load was superior in predicting carotid artery compliance than casual BP. In children, the BP load is a percentage of BP reading above the 95th percentile. Sorof et al 20 have shown that SBP load Ͼ50% is associated with LV hypertrophy in children with essential hypertension. Our study demonstrates that, in addition to predicting cardiac hypertrophy, BP load might also be useful for predicting decreased vascular compliance. Data are presented as meanϮSD or percentage when indicated.
Mitsnefes et al Carotid Artery and Pediatric Renal Transplantation
Despite the high prevalence of nighttime hypertension, we found that daytime but not nighttime BP was significantly associated with carotid artery wall compliance. One of the reasons for this association may be that the measurements of carotid artery were performed during the day. In addition, BP taken during the carotid artery ultrasound is included in the formula to calculate distensibility. Therefore, it is not surprising that distensibility was associated with daytime BP in both control subjects and children with transplant. Unlike distensibility, stiffness parameter is considered a more reliable measure of arterial compliance, which is independent of BP in healthy adults. 10 In our control subjects, increased stiffness parameter was associated with lower DBP. In contrast, in children after transplantation, increased SBP but not DBP was associated with arterial stiffness. These findings confirm the importance of systolic hypertension in the development of end-organ damage in pediatric renal transplantation recipients.
We also found that carotid IMT was increased in children with multiple transplants. In patients with numerous trans-plants, chronic exposure to volume and flow/pressure overload while on dialysis or during periods of significant graft dysfunction creates conditions for arterial remodeling, with the ultimate development of arterial intima-media hypertrophy. 21 Children with multiple transplants had longer duration of ESRD and chronic dialysis treatment compared with patients with a single transplant, but unlike the adult studies, the cumulative duration of dialysis did not predict abnormal arterial IMT or compliance in our study. However, it is important to note that the median cumulative duration of dialysis in our patients (1.2 years) was significantly lower than in the studies by Oh et al 3 (5 years) and Groothof et al 4 (4.5 years).
In the present study, increased IMT was significantly associated with cardiac abnormalities such as increased wall thickness and LV contractility. The interrelationships between cardiac and vascular hypertrophy have been described in adults with ESRD and suggest that similar mechanisms, including pressure and volume overload, might be involved in the development of these abnormalities. 21 Studies of adults also suggest that chronic arterial changes might result in increased LV systolic wall stress and increased cardiac output to satisfy oxygen and metabolic demand of the peripheral tissues. 21, 22 Arterial stiffness and distensibility were significantly worse in children with cadaveric donors compared with children with living donors. The most likely cause of this difference is more severe hypertension in patients with a cadaveric donor. Among 12 children with a cadaveric kidney, 7 (58%) required Ն2 BP medications, whereas among 19 children with living donors, only 2 (10%) needed Ͼ1 BP medication. This probably explains why adding number of BP medications to the regression model eliminated donor type as an independent predictor of carotid artery wall compliance.
Studies of adults have shown that hyperlipidemia, hyperhomocysteinemia, hyperparathyroidism, and increased calcium-phosphorus product are associated with increased IMT or abnormal arterial wall compliance after transplanta- tion. 3, [23] [24] [25] In contrast, we failed to show significant relationships between carotid artery abnormalities and those markers. However, the subjects of our study were healthier (younger and with better allograft function) and had significantly shorter duration of kidney failure (5.2 years) than reported in the above studies (18 to 19 years). Thus, the exposure to cardiovascular risk factors in our patients was significantly lower compared with adults with ESRD. Recent studies 26, 27 linked cardiac risk factors during childhood to carotid artery abnormalities in young adults in the general population. Long-term studies assessing the effect of cardiac risk factors on carotid artery compliance in children with renal transplants are necessary.
Study Limitations
From this relatively small, cross-sectional study, it was impossible to determine when the abnormalities of carotid artery develop and how they progress during chronic kidney failure. Some BP data were collected retrospectively. Longitudinal and larger studies are needed to evaluate temporal evolution of these vascular abnormalities and cardiac risk factors in children through different stages of chronic kidney disease. We did not examine patients for insulin resistance, which is a known risk factor for carotid artery abnormalities. In our control group, ABPM was not performed. We also were unable to determine any significant correlates for IMT in this group. However, our data are in agreement with the only large pediatric study by Saas et al, 28 who showed that age, BP, and body size had little influence on carotid IMT. Because there are no established norms for IMT, distensibility, and stiffness parameter in the pediatric population, we were unable to compare transplant patients with and without abnormal carotid artery structure and function.
Conclusions
The present study demonstrates that early atherosclerosis is already present in children and adolescents with successful renal transplantation. Successful transplantation is the ultimate and best available treatment for these patients. Nevertheless, our data suggest that these young patients might be at higher risk for premature cardiovascular morbidity and mortality and support the need for more aggressive management of hypertension to prevent the development and progression of vascular abnormalities in children with chronic kidney disease.
